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السيطرة على حركة الطائرات االنعراجية باستخدام المنطق الضبابي ذي الفاصل الزمني
من النوع الثاني
ملخص
.تعد حركة انحراف الطائرة ضرورية في المناورة وقد تم التحكم فيه من خالل بعض الطرق التي حققت التتبع ولكن ليس بالسرعة الكافية
ينفذ هذا البحث النمذجة الديناميكية لحركة انحراف الطائرة ويطور وحدة تحكم تناسبي تكاملي ووحدة تحكم منطقي ضبابي من النوع
 يُشتق النموذج الرياض ي عن طريق إدخال قيم معامالت طائرة.الثاني بفاصل زمني شبيها لوحدة التحكم التناسبي التكاملي للنموذج

 والتحقق منهاMatlab / Simulink  يتم اختبار فعالية وحدات التحكم باستخدام. ذات المحرك الواحد في المعادالت القياسيةNavion

 تظهر نتائج المحاكاة أن.في حالتين مختلفتين ؛ النظام دون اضطراب وعندما يتعرض النظام ل هبوب الرياح للتحقق من متانة النظام
ق
 بينما.تماما
ً استجابة وحدة التحكم التناسبي التكاملي تستغر وقتًا طويالً للوصول إلى حالة مستقرة وال يمكنها إلغاء تأثير االضطراب
تستقر استجابة وحدة التحكم المنطقية الضبابية ذات الفاصل الزمني الشبيه بوحدة التحكم التناسبي التكاملي بشكل أسرع بكثير كما

.جيدا
ً أيضا مواجهة تأثير االضطراب
ً يمكنها
Abstract
Aircraft yaw movement is essential in maneuvering; it has been controlled by some methods which achieved
tracking but not fast enough. This paper performs the dynamic modeling of aircraft yaw movement and develops
PI and PI-like interval type-2 fuzzy logic controller for the model. The mathematical model is derived by inserting
the parameters values of single-engine Navion aircraft into standard equations. Using Matlab/ Simulink platform,
the controllers' effectivity is tested and verified in two different cases; system without disturbance and when system
is disturbed by some wind gust to investigate the system robustness. Simulation results show that PI controller
response takes long time to reach steady state and could not fully cancel the effect of disturbance. While PI-like
interval type-2 fuzzy logic controller response settles down much faster and also can counter the effect of
disturbance very well.

1.

INTRODUCTION

Recently, aircraft designs depend greatly on
automatic control system to control various
aircraft’s subsystems. Automatic control systems'
development has a significant importance in the
development of urban and military flight. The
control systems used in flight application
(substantial for all flight conditions) has remarkably
upgraded through time [1].
Modernistic aircrafts are highly intricate and
contains sets of automatic control system.
Airplane performance is governed by forces with the
translational motion of the airplane as a response to
these forces. In contrast, airplane stability and
control are governed by moments about the center of

Published by Scholarworks@UAEU, 2021

gravity, with the rotational motion of the airplane as
a response to these moments [2].
In general, aircrafts are controlled by 3 basic
surfaces: ailerons (determine the roll), elevator
(determines the pitch), and rudder (determines the
yaw).
Figure 1 shows the aircraft's control surfaces. The
functions of these control surfaces on an airplane are
usually to change the airplane from one equilibrium
position to another and to produce non-equilibrium
accelerated motions such as maneuvers [2].
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Figure 1. Roll, pitch, and yaw motions of an
aircraft
The ailerons (situated at the back of the main wings)
allow the aircraft to turn around its longitudinal axis
(X). The elevator (situated at the back of the
horizontal stabilizers) allows the aircraft to turn
around its lateral axis (Y). The rudder (situated at the
back of the vertical stabilizer) allows the aircraft to
turn around its vertical axis (Z) [1]. The rudder is
responsible for yaw movement since it controls the
turning around the vertical axis. For example,
deflecting the rudder to the right creates a leftward
aerodynamic force on the tail and thus contributing
to yawing moment [2].
Fuzzy logic has been widely used in flight
applications. People use general description daily
like "weather is cold", "price is high", "offer is good"
without specifying how exactly cold, high, or good.
Then make decisions based on the generally
(fuzzily) described conditions. Type-1 fuzzy logic
mimics this way of analysis taking into account
ambiguity and preciseness.
In type-1 fuzzy set, each point in the universe of
discourse has only one membership value. While in
interval type-2 fuzzy, each point in the universe of
discourse has at least one membership value and
each value also has a corresponding membership
value. All the possible values form an area (the area
between the upper and lower membership functions
for the fuzzy set). This area is called footprint of
uncertainty [3].
For example, the Gaussian membership function for
a type-1 fuzzy set is given by
𝑓(𝑥, 𝜎, 𝑐) = 𝑒

−(𝑥−𝑐)2
2𝜎2

1

where x, c, and σ represent the input, center of peak,
and standard deviation of the function; respectively.
While for an interval type-2 fuzzy set, there are
upper and lower membership functions given by
𝑒
𝑓𝑢𝑝𝑝𝑒𝑟 (𝑥, 𝜎, 𝑚1 , 𝑚2 ) = 1
{ 𝑒

−(𝑥−𝑚1 )2
2𝜎2

𝑖𝑓 𝑥<𝑚1

𝑖𝑓 𝑚1 ≤ 𝑥 < 𝑚2
−(𝑥−𝑚2 )2
2𝜎2

𝑖𝑓 𝑥>𝑚2

2

https://scholarworks.uaeu.ac.ae/ejer/vol26/iss1/3

where 𝑚1 and 𝑚2 are the bounds of input through
which the upper membership function has the value
of 1 [4].
Since the presence of the footprint of uncertainty in
type-2 fuzzy sets provides another degree of
freedom, the performance of interval type-2 fuzzy
logic system is improved in comparison with type1.
The internal arrangement of the interval type-2
fuzzy logic system is analogous to that of type-1
peer. However, the main differences are that interval
type-2 fuzzy logic systems employ and use interval
type- 2 fuzzy sets (rather than type-1 fuzzy sets) and
thus the interval type-2 fuzzy logic has the extra
type-reduction process as in Figure 2 [5]. Exact,
uncertainty bound, approximate, and geometric are
some of type reduction methods.

Figure 2. Interval type-2 fuzzy logic system block
diagram
Several researchers studied the control of aircraft
yaw movements among them: Stenfelt et al. [6]
achieved directional control by using a split flap
command to increase the drag on one wing to
generate a yaw moment in the corresponding
direction. Results showed that gain scheduling may
often be limited to only consider altitude and some
form of airspeed.
Lemay et al. [7] proposed a gain scheduled
controller to control low speed rotation and
maneuvering of an aircraft yaw. Integrating the
feedforward and tracking and local regulation
resulted in robustness to parameter uncertainty.
Nair et al. [8] designed linear quadratic (LQR)
control and fuzzy logic control strategies for aircraft
yaw model, results showed that LQR controller
gives better behavior regarding response speed and
efficiency.
Yang et al. [3] designed a direct interval type-2
fuzzy neural network controller for hypersonic flight
control. Simulation results validated the
effectiveness and robustness of the proposed
controller.
Vijayakrishna et al. [9] developed a linear algebraic
approach where both the transient and steady state
responses were achieved and the disturbance
conditions were totally suppressed.
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Yeo et al. [10] proposed a reformulation of the
steady-flight equations for fixed-wing aircraft.
Results show that both the prop-wash and the
embedded
pressure
measurement
schemes
accurately characterize pitch and yaw moments
during hover flight.
Shafeek [4] used type 2 fuzzy logic to control the
pitch angle of aircraft. The time responses of type 2
fuzzy logic controller in all cases were better than
that of type-1.
Gamble et al. [11] investigated the aerodynamic
effects of a smart morphing horizontal tail exhibiting
bending-twisting coupling for yaw control on a bioinspired aircraft. Qu et al. [12] proposed a new
control strategy by feed backing the angle of attack
for the biased differential deflection, the proposed
strategy could reduce the nonlinearity that is present
in behavior of split drag rudder and control reversal
problems.
In this paper, the yawing of an aircraft is to be
controlled by PI and PI-like interval type-2 fuzzy
logic controller with and without disturbance. The
control
system
is
simulated
using
MATLAB/SIMULINK R2018a.
This paper is organized as follows: In section 2, the
mathematical modeling for aircraft yaw is
illustrated. Section 3 develops PI and PI-like interval
type-2 fuzzy logic controllers. The developed
controllers are simulated for the General Aviation
Aircraft Navion in Section 4. Finally, the
conclusions obtained from examining the results are
summarized in Section 5.
2.

MATHEMATICAL MODELING
AIRCRAFT YAW CONTROL

FOR

Two kinds of dynamical equations are attending for
an aircraft; lateral and longitudinal. The lateral axis
dynamics of aircraft (rolling and yawing) are
described by the lateral dynamic equations of
motion. The longitudinal axis dynamics (pitching)
are described by the longitudinal dynamic equations
of motion. Here, control of aircraft's yaw angle
during yaw motion execution is demonstrated.
Figure 3 shows the forces and moments of an aircraft
system in the body fixed frame. The velocity
components are also shown [2].

Figure 3. Forces, velocity, and moments in a body
fixed frame
The components of aerodynamic moment are
symbolized by L, M, and N. The roll, pitch, and yaw
axis's angular rate components are symbolized by p,
q, and r. Their velocity components are symbolized
by u, v, and w. Table 1 lists model symbols
definitions.
In order to derive the lateral equations of motion, the
following assumptions are made:
* the aircraft is flying steadily at constant height and
speed.
* the pitch angle's changes do not affect the aircraft's
velocity.
* the impulsive forces are constant.
So,

𝑣= =𝑞 =𝑟 =𝜓=𝜑 =0
𝑑𝑣
𝑌+𝑚 𝑔 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃=( 𝑑𝑡 + 𝑟𝑢 − 𝑝𝑤)

4
5

𝐿 = 𝐼𝑥 𝑑𝑡 − 𝐼𝑋𝑧 𝑑𝑡 + 𝑞𝑟 (𝐼𝑧 –𝐼𝑦 ) − 𝐼𝑋𝑧 𝑝𝑞

6

𝑁 = −𝐼𝑋𝑧 𝑑𝑡 + 𝐼𝑧 𝑑𝑡 + (𝐼𝑦 –𝐼𝑥 ) −𝐼𝑋𝑧 𝑞𝑟

7

𝑑𝑝

𝑑𝑝

𝑑𝑟

Table 1. Model Symbols Definitions
Symbol

Definition

L

Aerodynamic moment component of
roll
Aerodynamic moment component of
pitch
Aerodynamic moment component of
yaw
Angular rate component of roll
Angular rate component of pitch
Angular rate component of yaw
Velocity component of roll
Velocity component of pitch
Velocity component of yaw
X body axis
Y body axis
Z body axis
Yaw angle
Roll angle
Pitch angle
Mass of the aircraft
Acceleration due to gravity
Mass moment of inertia of the body
about x axis
Mass moment of inertia of the body
about y axis
Mass moment of inertia of the body
about z axis
Product of inertias about x and z axis
Reference value of u
Reference value of v
Reference value of w
Reference value of p

M
N
p
q
r
u
v
w
𝑋𝑏
𝑌𝑏
𝑍𝑏
𝜓
𝜑
𝜃
𝑚
𝑔
Ix
Iy
Iz
Ixz
uo
vo
wo
po
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Symbol
qo
Yo
ro
Lo
Mo
θo
δo
𝛿𝑟
𝛿𝑎
𝛿e
𝛽
YV
Yp
Yr
Yβ
Yδr
Lv
Lp
Lr
Lβ
Lδa
Lδr
Nv
Nr
Np
Nβ
Nδa
Nδr

−𝐿𝑣 𝛥𝑣+(

Definition
Reference value of q
Reference value of Y
Reference value of r
Reference value of L
Reference value of M
Reference value of 𝜃
Reference value of 𝛿
Rudder deflection angle
Aileron deflection angle
Elevator deflection angle
sideslip angle
Y-force derivative of pitching
velocity
Y-force derivative of rolling rate
Y-force derivative of yawing rate
Y-force derivative of side slip angle
Y-force derivative of rudder
deflection
Rolling moment derivative of
pitching velocity
Rolling moment derivative of rolling
rate
Rolling moment derivative of
yawing rate
Rolling moment derivative of side
slip angle
Rolling moment derivative of aileron
deflection
Rolling moment derivative of rudder
deflection
Yawing moment derivative of
pitching velocity
Yawing moment derivative of
yawing rate
Yawing moment derivative of rolling
rate
Yawing moment derivative of side
slip angle
Yawing moment derivative of
aileron deflection
Yawing moment derivative of rudder
deflection

𝑑𝑡

Ix 𝑑𝑡
IXZ 𝑑
Iz 𝑑𝑡

+ Lr )𝛥𝑟 = 𝐿δa 𝛥𝛿𝑎 +
10
+ 𝑁p )𝛥𝑝 = 𝑁δa 𝛥𝛿𝑎 +
11

The correlation between the sideslip angle (Δβ) and
the side velocity (Δv) is described as:
𝛥𝛽 ≈ tan−1

Δv
𝑢𝑜

=

Δv

12

𝑢𝑜

So the sideslip angle can be used instead of the side
velocity.
𝑌β

Δβ′
𝑢0
Δp′
𝐿
= β
Δr ′ 𝑁
β
[Δϕ′ ] [
0
𝑌δ𝑟
0

𝑌p

−(1 –

𝑢0

𝐿p
𝑁p
1

𝑌r
𝑢0

)

𝐿r
𝑁r
0

gcosθ0

𝛥𝛽
𝛥𝑝
0
[ ]+
𝛥𝑟
0
𝛥𝜙
0 ]

𝑢0

𝑈0

𝐿δa
𝑁δa
[ 0

𝐿δr [Δδa]
𝑁δr Δδr
0 ]

13

Equation (13) describes the lateral equations of
motion in state space form.
The NAVION data has been used for analyzing and
modeling of the system. Substituting the values of
the stability parameters of lateral directional
derivatives given in [13] in the above equation
produces equation (14) (note that the aileron
deflection δa is neglected since here only the rudder
deflection δr is of interest).

8

( − YV )𝛥𝑣 − 𝑌𝑝 𝛥𝑝 + (𝑢𝑜 – 𝑌𝑟 )𝛥𝑟 – (𝑔𝑐𝑜𝑠θ𝑜 ) 𝛥𝜙 =
𝑑𝑡
𝑌δ𝑟 𝛥𝛿𝑟
9
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IXZ 𝑑

𝑁δr 𝛥𝛿𝑟

So the linearized equations are written as [1], [8]:
𝑑

− 𝐿𝑝 )𝛥𝑝 –(

𝐿δa 𝛥𝛿𝑟
𝑑
−𝑁v 𝛥𝑣+( – 𝑁r )𝛥𝑟 –(

The above equations can be linearized (utilizing the
small disturbance theory) to be described by:

𝑢= 𝑢𝑜 + 𝛥𝑢; 𝑣 = 𝑣𝑜 + 𝛥𝑣; 𝑤= 𝑤𝑜 + 𝛥𝑤
𝑝 = 𝑝𝑜 + 𝛥𝑝; 𝑞 = 𝑞𝑜 + 𝛥𝑞; 𝑌 = 𝑌𝑜 + 𝛥𝑌
𝑟 = 𝑟𝑜 + 𝛥𝑟; 𝐿 = 𝐿𝑜 + 𝛥𝐿; 𝑀 = 𝑀𝑜 + 𝛥𝑀
𝛿 = δ𝑜 + 𝛥𝛿

𝑑
𝑑𝑡

𝛥𝛽 ′
𝛥𝑝′
[ ′ ]=
𝛥𝑟
𝛥𝜙 ′
−0.254
0
−15.969 −8.395
[
4.549 −0.349
0
1
0
23.09 [𝛥𝛿𝑟]
[
]
−4.613
0

−1
2.19
−0.76
0

0.183 𝛥𝛽
𝛥𝑝
0
] [ ]+
𝛥𝑟
0
𝛥𝜙
0
14

Comparing equation 14 to the standard state space
form gives A and B matrices as
−0.254
−15.969
𝐴=[
4.549
0

0
−8.395
−0.349
1

−1
2.19
−0.76
0

0.183
0
]
0
0

0
23.09
𝐵=[
]
−4.613
0
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Since the output of interest here is the change in yaw
angle ∆r and the input does not directly affect the
output then
𝐶 = [0 0 1 0]
𝐷 = [0]
Converting the state space representation to transfer
function using the formula
𝑌(𝑠)
= 𝐶(𝑠𝐼 − 𝐴)−1 𝐵 + 𝐷
15
𝑈(𝑠)

s
0
= [0 0 1 0] ([
𝑈(𝑠)
0
0
−0.254
0
−15.969 −8.395
[
4.549 −0.349
0
1
𝑌(𝑠)

0
s
0
0

0
0
s
0
−1
2.19
−0.76
0

0
0
]−
0
𝑠
−1
0
0.183
23.09
0
]) [
]+0
−4.613
0
0
0

So the relation between rudder deflection angle
and yaw angle rate is described by the following
transfer function:
𝛥𝑟(𝑠)
𝛥𝛿𝑟(𝑠)

3.

=

−4.6130 𝑆 3 −47.9562 𝑆 2 −11.8833 𝑆+5.7410
𝑆 4 +9.4090 𝑆 3 +14.0189 𝑆 2 +48.4991 𝑆+0.3979

16

characteristics. So they are set to 0.14614 and
0.0053381; respectively.
Since it is hard to formulate the rules for PI-like
fuzzy system on the basis of integral error
(integrating may need a very broad universe of
discourse), the integration can be moved from the
antecedent part of the fuzzy controller to the part
after it. So the output of controller is to be integrated
instead of the input [14]. This means instead of
integrating the error input of fuzzy controller, use
PD-like fuzzy system (fuzzification, rules,
defuzzification, …etc.) then add integrator at the
output of fuzzy controller. Note that doing so, makes
the proportional gain at fuzzy input be considered as
integral gain. And derivative gain at fuzzy input
becomes proportional gain.
Figure 4 shows the developed control system. The
controller values are fixed. The gains kp, ki, and ko
are chosen by trial and error as 0.5, 50, and 50;
respectively. The Interval Type-2 Fuzzy logic
system toolbox presented by [5] is used which
supports a graphical user interface for an easy
design, various interval type-2 fuzzy set
constructions, eight methods for type reduction and
a Simulink library. It has a visualization features and
can generate a Simulink file automatically via the
graphical user interface.

PI AND PI-LIKE INTERVAL TYPE-2
FUZZY
LOGIC
CONTROLLER
DEVELOPMENT

The PI and PI- like interval type-2 fuzzy logic
controllers are described in this section. The aim is
to control the aircraft yaw movement to follow a 0.5
radian step (28.6479 degrees) desired input in
normal then subjected to external disturbance cases.
The PI controller consists of two terms
"proportional" and "integral" of error signal
described in time domain and s-domain by

𝑢(𝑡) = 𝐾𝑝 𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡
𝑈(𝑠) = 𝐾𝑝 𝐸(𝑠) +

𝐾𝑖
𝑠

𝐸(𝑠)

17
18

Figure 4. PI- like interval type-2 fuzzy logic control
System block diagram
The powerful point in the controller development is
its simplicity having only 3 fuzzy sets for each input
as shown in Figure 5 with normalized universe of
discourse and 5 fuzzy sets for the output as shown in
Figure 6. The inputs membership functions are
triangular while the output membership functions
are singletons.

In PI controller the measured output signal is
continuously fed back to calculate the error between
it and the desired signal, then the proportional and
integral of this error is used to correct the control
action that is applied to the plant. It is widely used in
automatic control application for their accuracy.
Normally, the tuning of PID controller gains can be
done in an instinctive way, but this operation gets
more difficult when multiple objectives are to be met
(usually short transient and high stability). In this
paper, Kp and Ki gains are tuned by Matlab for best
comprehension between transient and steady state

Published by Scholarworks@UAEU, 2021
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Figure 5. Inputs fuzzy sets

Z
P

PM
Z

Z
NM

NM
NB

The fuzzy sets parameters for error and its change
are as listed in Table 2. The fuzzy sets parameters
for control action are as listed in Table 3.

N

Z

P

Figure 6. Output fuzzy sets

Figure 7 Control surface

Table 2. Fuzzy Sets Parameters for Inputs

4. SIMULATION RESULTS
The developed control systems are simulated in this
section in MATLAB/ SIMULINK environment to
obtain and examine the response. A 0.5 radian step
input is applied to the systems.
The tuned PI controller response is shown in Figure
8. The response oscillates at the beginning and it is
sluggish considering rise and settling times since
they are 51.3 and 286 seconds; respectively. The
maximum over shoot is 0.6173 radians at peak time
105.4 second. The steady-state error is 0.001
radians.

Left
Point

Center
Point

Right
Point

Highest
output

N
Upper

-2

-1

0

1

N
Lower

-2

-1

0

0.3

Z
Upper

-1

0

1

1

Z
Lower

-0.1

0

0.1

0.9

P
Upper

0

1

2

1

P
Lower

0

1

2

0.3

Table 3. Fuzzy Sets Parameters for Output
Fuzzy Set

Value

PB
PM
Z
NM
NB

1
0.5
0
-0.5
-1

Number of rules is 32 = 9 (two inputs, each have
three fuzzy sets) as listed in Table 4. The simplicity
of the proposed controller lessens the computational
time dramatically which leads to faster reaction to
conditions changing and efficiency in real time
application. The correlation between the output
variable and input variables of fuzzy system is
shown by the control surface in Figure 7.
Table 4. Fuzzy Rules
Error
Change
of error
N

N

Z

P

PB

PM

Z

https://scholarworks.uaeu.ac.ae/ejer/vol26/iss1/3

Figure 8. PI controller response
The PI-like interval type-2 fuzzy logic control
system is shown in Figure 4. The error and its change
are scaled and input to the fuzzy controller, the
output of fuzzy controller is then scaled and
integrated to obtain a PI-like fuzzy control action.
The system response is shown in Figure 9 (a), for a
closer look at the transient response see Figure 9 (b).
The maximum overshoot is 0.509 radians at peak
time 0.28 second, the rising and settling times are
0.198 and 0.3 second; respectively. The steady-state
error is 0.001 radians.
When a 0.2 amplitude disturbance from second 4 to
second 6 (as shown in Figure 10) is added at the PI
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controller output, the system responds as shown in
Figure 11.

Figure 11. PI controller response in the presence of
disturbance
As seen in Figure 11, the disturbance effect is not
fully canceled by the PI controller and it continues
throughout the complete response.
When same disturbance is added at the PI-like
interval type-2 fuzzy logic controller output, the
system responds as depicted in Figure 12. The
performance characteristics are not changed since
the disturbance is added at the fourth second (in
steady state part). As seen in Figure 12, the
disturbance effect is well damped and almost
invisible.

(a)

(b)
Figure 9. PI-like interval type-2 fuzzy logic
controller response
(a) Original scale
(b) Zoomed scale

Figure 10. Disturbance added

(a)

(b)
Figure 12. PI-like interval type-2 fuzzy logic
controller response in the presence of disturbance
(a)Original scale
(b)Zoomed scale
5. CONCLUSIONS
In this paper, PI and PI- like interval type-2 fuzzy
logic controllers were developed to control the yaw
angle of an aircraft by modifying the rudder
deflection angle. The PI controller was tuned by
Matlab. The developed PI- like interval type-2 fuzzy
logic controller is simple since three fuzzy sets were
enough to describe the fuzzy values of each fuzzy
input, and describing the fuzzy values of fuzzy
output by five fuzzy. Both controllers were
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simulated in two cases (normal and in the presence
of disturbance). The PI controller response was slow
and could not fully cancel the effect of disturbance.
The PI- like interval type-2 fuzzy logic controller
response was fast in terms of rising and settling
times. and it could damp the effect of disturbance.
It is suggested in future to select controller
parameters using an optimization method and to
consider taking off and landing conditions.
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